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RESUMO  
A poliploidia desempenha um papel relevante na diversificação e especiação 
das Angiospermas, incluindo a família Primulaceae. Espécies diploides, 
tetraploides e octaploides são reportadas para os gêneros Cyclamen, 
Dodecatheon e Primula, mas os aspectos evolutivos que conduzem às 
mudanças cromossômicas são pouco compreendidos. Para expandir o 
conhecimento sobre esse assunto em Primulaceae, nós estudamos três 
espécies de Myrsine (M. coriacea, M. umbellata e M. parvifolia) que mostram 
diferentes habilidades para ocupar os variados tipos de vegetação dentro da 
Mata Atlântica brasileira. A caracterização citogenética evidenciou indivíduos 
com 2n = 45 cromossomos para M. parvifolia e M. coriacea, com a maioria dos 
indivíduos das três espécies tendo 2n = 46. Os cariogramas apresentaram 
pares de cromossomos morfologicamente semelhantes e distintos, sugerindo 
uma origem monofilética e alopoliploide verdadeiro para as três espécies. Além 
disso, um evento de pós-poliploidização relacionado a rearranjos 
cromossômicos estruturais foi evidenciado a partir de diferenças no valor médio 
nuclear 2C e morfometria dos cromossomos encontrados entre as espécies. 
Assim como tem sido feito para outras espécies, abordagens de citogenética e 
de tamanho do genoma acuradas representam um ponto de partida para o 
entendimento da origem e influência da poliploidização e mudanças pós-
poliploidização no cariótipo das espécies de Myrsine. Além disso, a ocupação 
diversa das espécies de Myrsine em ambientes distintos pode ser atribuída à 
alopoliploidia e seus efeitos. Portanto, este estudo pioneiro de Myrsine fornece 
informações sobre o papel relevante da poliploidia na evolução do cariótipo e 
diversificação em Primulaceae.  
Palavras-chave: Citogenética, citometria de fluxo, Floresta Atlântica, 
Myrsinaceae, poliploidia, Rapanea. 
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ABSTRACT 
Polyploidy plays a relevant role in the diversification and speciation of 
Angiosperms, including the family Primulaceae. Diploid, tetraploid and octaploid 
species are reported for the genera Cyclamen, Dodecatheon and Primula, but 
the evolutionary aspects that led to chromosomal changes are poorly 
understood. To expand the knowledge on this subject in Primulaceae, we 
studied three Myrsine species (M. coriacea, M. umbellata and M. parvifolia) that 
show different abilities to occupy the varied types of vegetation within the 
Brazilian Atlantic Forest. Cytogenetic characterization evidenced individuals 
with 2n = 45 chromosomes for M. parvifolia and M. coriacea, with most 
individuals of the three species having 2n = 46. Karyograms presented 
morphologically identical and distinct chromosome pairs, suggesting a true 
allopolyploid and monophyletic origin for the three species. In addition, a post-
polyploidization event related to structural chromosome rearrangements was 
evidenced from differences in the mean 2C nuclear value and chromosome 
morphometry found between the species. As has been done for other species, 
accurate cytogenetic and nuclear genome size approaches represent a starting 
point for understanding the origin and influence of polyploidization and post-
polyploidization changes in Myrsine species karyotypes. In addition, the diverse 
occupation of Myrsine species in distinct environments may be attributed to 
allopolyploidy and its effects. Therefore, this pioneering study of Myrsine 
provides insights about the relevant role of polyploidy in the karyotype evolution 
and diversification in Primulaceae. 
Keywords: Atlantic Forest, cytogenetics, flow cytometry, Myrsinaceae, 
polyploidy, Rapanea. 
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1 INTRODUCTION 
 
Polyploidy is a trigger for plant diversification, mainly in the core 
Eudicots, a monophyletic angiosperm group that underwent two or more whole-
genome duplication events (Bodt et al. 2005; Vanneste et al. 2014) since the 
Albian (112 – 99.6 Mya, Cretaceous) (Bodt et al. 2005). Polyploidization and the 
ensuing genomic changes cause morphological, physiological, reproductive and 
behavioral differences in polyploid organisms compared to their ancestors. 
These changes may lead to reproductive isolation and the formation of new 
species (Tayalé and Parisod 2013), as well as increasing species abilities to 
colonize new habitats, occupy distinct environments and expand their 
geographic distribution (Kolář et al. 2013; Theodoridis et al. 2013). Therefore, 
genome changes may be related to differentiated spatial occupation by 
phylogenetically related species. 
With regard to genomic origin, the polyploid is classified as either an 
autopolyploid (generated by polyploidization of the zygote or by fusion of 
unreduced or unreduced and reduced reproductive cells of the same species), 
true allopolyploid (formed by crossing different species) or segmental 
allopolyploid (hybridization between species with similar genomes, presenting a 
karyotype with homeologous chromosomes) (Stebbins 1947). Polyploids are 
also categorized based on their evolutionary age, being denominated 
paleopolyploids (Stebbins 1947), mesopolyploids (Mandáková et al. 2010; 
Tamayo-Ordóñez et al. 2016) or neopolyploids (Stebbins 1947), which 
respectively underwent ancient, less ancient and recent polyploidization events. 
With regard to the formation mechanism, natural polyploids arise from 
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spontaneous genome hybridization and duplication, while synthetic polyploids 
result from genome duplication induction with or without previous hybridization 
events (Yang et al. 2011). The genomic origin, formation mechanism and 
evolutionary age of the polyploid can be disentangled by accurate cytogenetic 
characterization. 
Polyploid origins have been evidenced by classical cytogenetic 
approaches. The holoploid chromosome complement (n) of the reduced 
(haplophasic) meiotic cell was considered a parameter for investigating this 
issue (Stebbins 1947; Grant 1982; Masterson 1994). Fine adjustments in 
cytogenetic procedures, combining advances in microscopy and image analysis 
systems, have provided accurate karyotype characterizations for some species. 
The number and presence of morphologically similar and distinct chromosome 
pair groups are karyotypic signs of polyploid origin (Gonçalves et al. 2007; 
Freitas et al. 2007; Clarindo and Carvalho 2008; Nunes et al. 2013; Clarindo et 
al. 2013; Reis et al. 2014). In addition, accurate cytogenetic characterization 
allows for recognition of karyotype changes that occurred throughout evolution, 
making it possible to elucidate the mechanisms that led to taxa diversification 
(Sharma and Sharma 2014). 
Studies combining cytogenetics and nuclear DNA content offer data for 
understanding evolutionary processes in different species, while also providing 
data supporting polyploid origins (Clarindo and Carvalho 2008; Kolář et al. 
2013; Coulleri et al. 2014). Measurement of the nuclear DNA content is 
complementary to cytogenetic data and is useful for detecting genome size 
variations between related species, screening for possible polyploid individuals 
or even polyploidy populations (Marhold et al. 2010; McIntyre 2012; Kolář et al. 
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2013; Krejčíková et al. 2013). In addition to polyploidy, variations in the nuclear 
2C value in the same taxa have also been caused by aneuploidy and structural 
chromosome rearrangements (Amaral-Silva et al. 2016).  
Previous studies reported polyploidy in Primulaceae for Primula (Abou-
El-Enain 2006; Casazza et al. 2012; Theodoridis et al. 2013), Cyclamen 
(Bennett and Grimshaw 1991; Ishizaka 2003), and Dodecatheon (Oberle et al. 
2012), all of which are genera comprised of herbaceous species. Despite 
Myrsine being one of the largest and most important genera of Primulaceae, the 
polyploid origins of this species have never been confirmed. Twelve species, 
among the 300 known for this genus, were studied regarding cytogenetic 
aspects (Beuzenberg and Hair 1983; Dawson 1995, 2000; Molero et al. 2002; 
Hanson et al. 2003; Molero et al. 2006), and the chromosome number (2n = 46 
or 2n = 48) was a single karyotype data reported. Thus, the evolutionary 
aspects that culminated in the diversification of Myrsine species are still poorly 
understood.  
Studying polyploidy in Myrsine can provide further information about the 
processes that led to the emergence of polyploidy in Primulaceae. The genus is 
predominantly comprised of tree and shrub species and most previous 
cytogenetic research within Primulaceae focused on herbaceous species. 
Furthermore, studying the polyploid origins of this taxa may provide insights into 
the role of polyploidy for species distribution in the Brazilian Atlantic Forest. In 
this biome, Myrsine species show different abilities to occupy the various 
vegetation types (Restinga vegetation, High Altitude Campos, Rocky Outcrops, 
Ombrophyllous and Mixed Ombrophyllous Forests). As such, this study aimed 
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to confirm the polyploid origin and its consequences on three Myrsine species 
by chromosome number, karyotype morphometry and nuclear DNA content. 
2 MATERIAL AND METHODS 
 
2.1 Plant samples 
 
The tree species selected for this study were Myrsine coriacea (Sw.) 
R.Br. ex Roem & Schult. (Voucher – T.T. Carrijo 1458, VIES) and Myrsine 
umbellata Mart. (Voucher – T.T. Carrijo 1467, VIES), which are widespread 
species found in all types of vegetation, including open areas within 
Ombrophyllous and Mixed Ombrophyllous Forests, and Myrsine parvifolia 
A.DC. (Voucher – T.T. Carrijo 2232, VIES), a species widely distributed along 
the Brazilian coast that primarily occurs in Restinga vegetation (BFG 2015). 
Fruits and leaves of all species were collected. Myrsine coriacea and M. 
umbellata were sampled from October 2012 to July 2015 in a forest remnant 
located in Iúna municipality, Espírito Santo (ES) State, Brazil (20°21'6''S – 
41°31'58''W), characterized as Rocky Outcrops, at 600 (M. coriacea) and 1,100 
m.s.m (M. umbellata). M. parvifolia was collected in a forest remnant located in 
Guarapari municipality, ES, Brazil (20°36'15''S – 40°25'27''W), characterized as 
coastal sandy plains vegetation (Restinga) at sea level. Leaves and fruits of 
Solanum lycopersicum L. and Pisum sativum L. (internal standards for flow 
cytometry – FCM, 2C = 2.00 pg and 2C = 9.16 pg, respectively, Praça-Fontes et 
al. 2011) were supplied by Dr. Jaroslav Doležel (Experimental Institute of 
Botany, Czech Republic). 
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2.2 In vitro plantlet recovering 
 
Fruit pericarp was manually removed and the seeds were disinfested 
according to Oliveira et al. (2013) and germinated in a medium composed of 
MS salts (Sigma®) and vitamins (Musrashige and Skoog 1962), 30 g L-1 sucrose 
(Sigma®), 7 g L-1 agar and 2.685 µM naphthaleneacetic acid (NAA, Sigma®). 
Solanum lycopersicum and P. sativum seeds were subjected to the same 
disinfestation procedure and inoculated in medium without NAA. Germination 
was done at 25 °C under a 16/8 hours (light/dark) regime. 
 
2.3 Nuclear 2C value measurement 
 
In order to adapt the FCM for Myrsine, the following procedures were 
done: (a) initially, from leaves collected in the field of male and female 
individuals (samples) and of the two standards; (b) afterward, replacing the 
dithiothreitol antioxidant by polyethylene glycol (PEG) in nuclei isolation buffer; 
and (c) from leaves of the samples and P. sativum plantlets in vitro cultivated. 
Nuclei suspensions were obtained by co-chopping (Galbraith et al. 1983) 
leaf fragments (1 cm2) cut from each sample (Myrsine species) and standard 
(S. lycopersicum or P. sativum). The suspensions were processed and stained 
following Otto (1990) and Praça-Fontes et al. (2011) and analyzed with the flow 
cytometer Partec PAS II/III (Partec GmbH). Myrsine genome size was 
measured by multiplying the 2C value of the internal standard using the 
fluorescence intensity corresponding to G0/G1 nuclei peak. Mean 2C values 
were compared by the F test at 5% probability. 
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2.4 Cytogenetic analysis 
 
Roots were cut from the in vitro plantlets, treated with 5.0 μM amiprofos-
methyl (APM) (Agrochem KK Nihon Bayer®) for 12, 15, 18 or 24 h at 4°C, rinsed 
in distilled water (dH2O) for 20 min and fixed in methanol:acetic acid (3:1) for 24 
h. The fixative solution was changed three times and the material was stored at 
-20°C (Carvalho et al. 2007). The roots were washed, macerated in 1:5 
pectinase solution (enzyme:dH2O) for 3 h at 34°C, or 1:20 enzymatic pool (4% 
cellulase – Kinki Yakult MFG, 1% macerozyme – Kinki Yakult MFG, and 0.4% 
hemicellulase – Sigma®) for 1 h 30 min or 1 h 45 min at 34°C, washed in dH2O, 
fixed, and stored at -20°C. 
Slides were prepared and stained according to Carvalho et al. (2007) and 
analyzed on a Nikon eclipse Ci-S microscope (Nikon). Prometaphases and 
metaphases were captured using the 100x objective and a CCD camera (Nikon 
EvolutionTM) coupled to a Nikon microscope 80i (Nikon). About 100 slides were 
analyzed for each Myrsine species. Chromosome morphometry was 
characterized and the class was determined as proposed by Levan et al. (1964) 
and reviewed by Guerra (1986).  
Using chromosome morphometric data (total, short and long arms length), 
the standardized Euclidean Distance and Unweighted Pair-Group Method 
Average (UPGMA) was applied to each species. In addition, the value of the 
relative size (% size in relation to sum of the mean values of total length, Table 
1) of each chromosome was compared among species by the Scott-Knott test 
at 5% probability. Analyses were made using the software R 3.2.4 (R Core 
Team 2016). 
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3 RESULTS  
 
3.1 In vitro plantlet recovering 
 
Approximately 60 days after in vitro inoculation, plantlets were obtained 
for the three Myrsine species. All plantlets exhibited sufficient and 
morphologically normal leaves and roots for FCM and cytogenetic analyses, 
respectively. 
 
3.2 Nuclear 2C value measurement 
 
FCM analysis performed on leaves collected in the field did not result in 
histograms showing profile G0/G1 peaks. So, dithiothreitol antioxidant was 
replaced by PEG in the nuclei isolation buffer OTTO I. This change provided 
G0/G1 peaks, exhibiting a coefficient of variation (CV) less than 5% for M. 
umbellata and the two internal standards. The channel of the P. sativum G0/G1 
peak however was closer to M. umbellata than S. lycopersicum. Thus, based on 
linearity international criteria for FCM, P. sativum was the standard chosen for 
the next measurements. The mean 2C value of the male (2C = 6.65 pg ± 0.02) 
and female (2C = 6.67 pg ± 0.11) M. umbellata individuals were statistically 
identical by the F test. Considering these previous results, the 2C value was 
measured from leaves of in vitro plantlets. The mean values were 2C = 4.81 pg 
± 0.05 for M. parvifolia, 2C = 6.60 pg ± 0.14 for M. coriacea and 2C = 6.63 pg ± 
0.13 for M. umbellata. The mean value of the M. umbellata in vitro plantlets was 
statistically identical to the males and females in the field. Therefore, the mean 
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value adopted for this species was 2C = 6.65 pg, which was statistically equal 
to the M. coriacea. 
 
3.3 Cytogenetic analysis  
 
Roots exposed to a 12 h APM provided prometaphases, exhibiting 
chromosomes at a distinct chromatin compact level, and metaphases. 
Enzymatic maceration in 1:5 pectinase solution ensured the chromosomes 
remained inside the cell, allowing an accurate determination of 2n = 45 or 2n = 
46. Chromosome number of 2n = 45 was found for 12.60% individuals of M. 
parvifolia and 8.45% of M. coriacea, with 2n = 46 for the three species. Based 
on these results, the next slides were made from roots of particular seedlings 
with 2n = 45 or 2n = 46. Root maceration with 1:20 enzymatic pool for 1h 30 
min supplied chromosomes no damage to the chromatin structure, without 
overlapping, with well-defined centromeres and free of cytoplasm debris (Fig. 
1). 
Karyotype characterization was possible only after carefully testing the 
time and concentration of the APM antitubulin and cell wall enzymes. Myrsine 
parvifolia presented a greater total sum of the length of the chromosomes 
despite having less nuclear DNA content. For this species only, we found 
prometaphase chromosomes showing low level of chromatin compaction (Fig. 2 
a), resulting in a higher sum of the total length (Table 1). Myrsine coriacea and 
M. umbellata did not show pronounced variation in chromatin compaction, but 
the quality of the chromosomes allowed us to characterize the karyotype and to 
assemble the karyogram (Fig. 2 b – c, Table 1). 
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Morphometric analysis was used to classify the chromosomes and 
evidence similarities and differences among species karyotypes. Myrsine 
parvifolia presented three metacentric (2, 9 and 21) and 20 submetacentric (1, 3 
– 8, 10 – 20, 22 and 23) chromosome pairs, M. coriacea showed five 
metacentric (1 – 5), 17 submetacentric (6 – 21 and 23) and one acrocentric (22) 
chromosome pairs, and M. umbellata displayed nine metacentric (1 – 3, 7, 15 – 
17, 21 and 23) and 14 submetacentric (4 – 6, 8 – 14, 17, 18, 20 and 22) 
chromosome pairs (Fig. 2, Table 1). 
Morphologically similar and identical chromosomes groups were found in 
all species. Myrsine parvifolia presented sets of two chromosome pairs (5 – 6, 
13 – 14, 16 – 17 and 22 – 23), as did M. coriacea (4 – 5, 10 – 11, 13 – 14, 15 – 
16 and 19 – 20), and M. umbellata presented three sets of two (11 – 12, 16 – 17 
and 18 – 19) and one set of three chromosome pairs (8 – 10). The other 
chromosome pairs in each species were considered morphologically distinct 
(Fig. 2, Table 1, 2). Using morphometric data and applying the UPGMA 
statistical analysis, the chromosomes of each Myrsine species were grouped in 
three clusters in all species (Fig. 3 a – c, Table 2). Chromosome groups formed 
by qualitative analysis of all species were clustered by UPGMA, supporting 
previous findings. 
As the mean 2C values of M. coriacea (6.60 pg) and M. umbellata (6.65 
pg) were statistically identical, the Scott-Knott test was used to compare the 
relative size (Table 1) of each chromosome of these species. Chromosomes 1, 
2, 6, 7, 11, 14, 19 and 23 differed between the species, while the others were 
statistically identical (Fig. 3 d, Table 2). 
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Figure 1. First images of the Myrsine chromosomes. Karyotype of a M. parvifolia 
individual with 2n = 45 (a) and other with 2n = 46 (b) chromosomes. Note the different 
levels of chromatin compaction between the chromosomes of the two karyotypes. The 
distinct chromatin compact level was highlighted in ‗c‘, where the same submetacentric 
chromosome of M. parvifolia (above) and the same acrocentric chromosome of M. 
coriacea (below) were scattered of two different prometaphases (I and II) and one 
metaphase (III). Bar = 5 µm.  
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Table 1– Morphometry and chromosome class performed at least 10 prometaphases/metaphases. In all species were found chromosomes morphologically identical, similar and distinct, supporting the allopolyploidy. 
Chrom = chromosomes; Total = total length; SD = standard deviation; Long/Short = arm length; r = arm ratio – long/short; M = metacentric; SM = submetacentric; A = acrocentric; Relative size = % size in relation to 
sum of the mean values of total length; Sum = sum of the mean values. 
 
M. parvifolia  M. coriacea  M. umbellata 
Chrom. Total ± SD Short Long r Class 
Relative 
size (%)  Total ± SD Short Long r Class 
Relative 
size (%)  Total ± SD Short Long r Class 
Relative 
size (%) 
1 2.64 ± 0.29 1.01 1.63 1.61 SM 5.60  2.79 ± 0.09 1.24 1.55 1.25 M 6.14  2.72 ± 0.06 1.14 1.59 1.39 M 6.60 
2 2.47 ± 0.23 1.09 1.37 1.25 M 5.24  2.45 ± 0.11 1.02 1.42 1.38 M 5.38  2.67 ± 0.06 1.14 1.54 1.35 M 6.48 
3 2.45 ± 0.22 0.86 1.59 1.85 SM 5.19  2.35 ± 0.10 1.09 1.26 1.15 M 5.17  2.13 ± 0.16 0.94 1.19 1.26 M 5.16 
4 2.44 ± 0.27 0.68 1.75 2.55 SM 5.17  2.30 ± 0.05 1.02 1.27 1.24 M 5.06  2.13 ± 0.08 0.84 1.29 1.53 SM 5.16 
5 2.24 ± 0.18 0.71 1.53 2.13 SM 4.76  2.29 ± 0.08 0.99 1.30 1.30 M 5.04  2.08 ± 0.14 0.74 1.34 1.80 SM 5.04 
6 2.21 ± 0.17 0.73 1.48 2.00 SM 4.69  2.22 ± 0.17 0.86 1.36 1.57 SM 4.88  1.88 ± 0.11 0.64 1.24 1.92 SM 4.56 
7 2.18 ± 0.25 0.81 1.37 1.68 SM 4.62  2.17 ± 0.12 0.78 1.39 1.77 SM 4.77  1.83 ± 0.11 0.79 1.04 1.31 M 4.44 
8 2.16 ± 0.27 0.61 1.55 2.51 SM 4.59  2.12 ± 0.11 0.78 1.34 1.71 SM 4.67  1.83 ± 0.09 0.59 1.24 2.08 SM 4.44 
9 2.15 ± 0.29 0.86 1.29 1.49 M 4.55  2.04 ± 0.15 0.81 1.23 1.50 SM 4.49  1.83 ± 0.09 0.59 1.24 2.08 SM 4.44 
10 2.13 ± 0.25 0.61 1.51 2.45 SM 4.51  2.00 ± 0.10 0.78 1.23 1.56 SM 4.41  1.78 ± 0.12 0.59 1.19 2.00 SM 4.32 
11 2.09 ± 0.22 0.79 1.31 1.65 SM 4.44  2.00 ± 0.17 0.75 1.26 1.67 SM 4.41  1.68 ± 0.13 0.59 1.09 1.83 SM 4.08 
12 1.99 ± 0.16 0.75 1.23 1.63 SM 4.22  1.89 ± 0.10 0.71 1.18 1.64 SM 4.16  1.68 ± 0.08 0.59 1.09 1.83 SM 4.08 
13 1.97 ± 0.23 0.66 1.31 1.96 SM 4.19  1.89 ± 0.07 0.57 1.32 2.31 SM 4.16  1.68 ± 0.10 0.49 1.19 2.40 SM 4.08 
14 1.95 ± 0.14 0.65 1.30 2.00 SM 4.14  1.84 ± 0.06 0.55 1.29 2.32 SM 4.06  1.68 ± 0.14 0.66 1.02 1.52 SM 4.08 
15 1.93 ± 0.16 0.72 1.21 1.67 SM 4.11  1.81 ± 0.11 0.65 1.16 1.78 SM 3.98  1.58 ± 0.06 0.64 0.94 1.46 M 3.84 
16 1.85 ± 0.13 0.65 1.20 1.82 SM 3.93  1.81 ± 0.08 0.57 1.24 2.17 SM 3.98  1.58 ± 0.06 0.69 0.89 1.29 M 3.84 
17 1.85 ± 0.23 0.72 1.13 1.56 SM 3.93  1.78 ± 0.04 0.66 1.11 1.66 SM 3.91  1.58 ± 0.09 0.69 0.89 1.29 M 3.84 
18 1.84 ± 0.19 0.70 1.15 1.63 SM 3.92  1.71 ± 0.13 0.65 1.06 1.63 SM 3.77  1.58 ± 0.11 0.59 0.99 1.67 SM 3.84 
19 1.82 ± 0.22 0.63 1.20 1.89 SM 3.87  1.68 ± 0.11 0.55 1.13 2.03 SM 3.70  1.58 ± 0.08 0.59 0.99 1.67 SM 3.84 
20 1.75 ± 0.18 0.68 1.06 1.55 SM 3.71  1.67 ± 0.09 0.58 1.09 1.85 SM 3.69  1.58 ± 0.13 0.49 1.09 2.20 SM 3.84 
21 1.68 ± 0.14 0.79 0.89 1.13 M 3.56  1.55 ± 0.16 0.49 1.06 2.17 SM 3.42  1.43 ± 0.14 0.59 0.84 1.42 M 3.48 
22 1.66 ± 0.16 0.58 1.08 1.85 SM 3.53  1.55 ± 0.04 0.35 1.20 3.33 A 3.42  1.38 ± 0.11 0.49 0.89 1.80 SM 3.36 
23 1.66 ± 0.30 0.58 1.08 1.86 SM 3.53  1.52 ± 0.07 0.39 1.13 2.88 SM 3.34  1.28 ± 0.10 0.59 0.69 1.17 M 3.13 
Sum 47.22 16.99 30.23   100.00  45.53 16.96 28.57   100.00  41.30 15.79 25.51   100.00 
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Figure 2. Myrsine karyograms displaying 2n = 45 (a – M. parvifolia and b – M. 
coriacea) or 2n = 46 chromosomes (a – c, the three species). In all M. parvifolia (a) and 
M. coriacea (b) individuals with 2n = 45, the odd chromosome number was well-
marked by absence of the homologue pair of the chromosome 23. Metacentric and 
submetacentric chromosomes prevailing in the karyograms of the three species, being 
that only one acrocentric chromosome was identified in M. coriacea (b – chromosome 
22). Although showing approximately 2C = 1.50 pg less DNA, M. parvifolia (a) 
displayed the same chromosome number in relation to the other species (b – M. 
coriacea, c – M. umbellata). For all species, morphometric analyses evidenced 
identical, similar and distinct chromosome pairs with regard to morphometry and class. 
The similarity of some chromosomes was highlighted from the metacentric 
chromosome pairs 4 and 5 (d – above) and submetacentric 15 and 16 (d – below) of M. 
coriacea. In contrast, other chromosomes showed singular morphology, as the 
chromosome 1 and 2 of all species, the 22 of M. coriacea, which is the single 
acrocentric chromosome, and the chromosome 23. Bar = 5 µm. 
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Figure 3. (a – c) Multivariate clustering generated from chromosome morphometric 
data (total, long and short arms length). Mojena‘s criteria showed three clusters for M. 
parvifolia (a), M. coriacea (b) and M. umbellata (c) with cut point between 1.5 to 1.8. 
This analysis confirmed the morphological discrepancy of the chromosome 1, and the 
similarity of other chromosomes. (d) Graphic provided by comparison between mean 
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relative size (% size in relation to sum of the mean values of total length, Table 1) of 
each chromosome of M. coriacea and M. umbellata. The chromosomes 1, 2, 6, 7, 11, 
14, 19 and 23 (*) between the species are statistically different in relation to mean 
relative size according to Scott Knott test at 5% of probability. 
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Table 2 – Chromosome groups of the Myrsine karyotype suggested from karyogram evaluation (Fig. 2 and Table 1) and confirmed by UPGMA clustering (Fig. 
3 a – c). 
Species *Karyogram evaluation  **UPGMA clustering  ***Confirmed chromosome groups  
M. parvifolia 5–6; 13–14; 16–17; and 22–23  1 and 2; 3–11; and 12–23  5–6; 13–14; 16–17; and 22–23 
M. coriacea 4–5; 9–10; 13–14; 15–16; and 19–20  1; 2–11; and 12–23  4–5; 9–10; 13–14; 15–16; and 19–20 
M. umbellata 8–10; 11–12; 16–17; and 18–19  1 and 2; 3–5, 7; and 6, 8–23  8–10; 11–12; 16–17; and 18–19 
* Chromosome groups morphologically identical or similar defined from all morphometric data (total length, short and long arms, r = ratio long/short arm, 
chromosomal class; relative size) and observation of the karyogram. 
** Chromosome groups formed by UPGMA clustering method using data about total, short and long arms length. 
*** Common chromosome groups evidenced by two analyses (qualitative x quantitative).  
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4 DISCUSSION 
 
4.1 2C value and karyotype 
 
The first step in FCM was to define the best antioxidant and internal 
standard. The presence of secondary metabolites in the Myrsine leaves, such 
as tannins, saponins, flavonoids and steroids (Abbi et al. 2011) made this 
challenging. These compounds probably prevented us from measuring the 2C 
value in individuals from the field when the OTTO I buffer (Otto, 1990) was 
supplemented with dithiothreitol. Cytosolic compounds can reduce or inhibit the 
interaction of the fluorochromes and DNA during the nuclei staining step (Noirot 
et al. 2003). Antioxidants inhibit this interference, preserving the chromatin 
structure (Shapiro 2003). Nevertheless, the dithiothreitol was not efficient at 
providing nuclei suspensions suitable for FCM. Thus, this compound, which is 
more specific for molecules that possess free sulfhydryl groups, was replaced 
by PEG because of its wide spectrum for antioxidant activities, an effect called 
PEGylation (Life Technologies 2015). Due to this effect, PEG was more efficient 
at inhibiting the action of cytosolic compounds, resulting in G0/G1 peaks for M. 
umbellata and P. sativum with CV below 5%. Owing to the linearity parameter, 
P. sativum was a more adequate standard relative to S. lycopersicum, which 
reduced measurement errors. 
Secondary metabolite interference was completely resolved for other 
Myrsine species using in vitro plantlets propagated in a controlled environment. 
FCM measurements from leaves collected in the field may have been 
influenced by environmental conditions. Secondary metabolite production is 
influenced by humidity, temperature, light intensity and the availability of water 
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and nutrients (Akula and Ravishankar 2011). Thus, the conditions at each 
elevation gradient can be associated with the FCM result, suggesting a 
differentiated production of secondary metabolic compounds for Myrsine at 
distinct altitudes.  
Male and female M. umbellata showed the same mean 2C values. 
Technical constraints in discriminating male and female individuals are related 
to the necessity of obtaining G0/G1 peaks with CV less than half the difference 
of the 2C DNA value between them (Mendonça et al. 2010). This limitation 
explains the small application (Costich et al. 1991; Doležel and Göhde 1995) of 
the FCM for sexual selection in plant taxa.  
Genome size in Myrsine had only been reported for M. africana as 2C = 
2.46 pg (Hanson et al. 2003), which was measured by Feulgen 
microdensitometry using Vigna sp. as standard. Levels of endoreduplication in 
cells of V. radiata, varying from 2C to 64C, were reported by Pal et al. (2004). 
Thus, the differences, which were about 200% between the values found for 
Myrsine species in this study and the value observed for M. africana, can be 
related with the C value of V. radiata used as reference. 
Values close to M. umbellata and M. coriacea species were reported for 
Cyclamen purpurascens Mill. (2C = 6.60 pg) and Dodecatheon meadia L. (2C = 
5.58 pg). Higher DNA contents were described for Cyclamen coum Mill. (2C = 
13.56 pg), Soldanella pusilla Baumg. (2C = 12.36 pg), and lower values for 
Soldanella hungarica Simonk (2C = 3.16 pg) and Primula vulgaris Huds (2C = 
0.47 pg) (Bennett and Leitch 2012). The interspecific variation for the 2C DNA 
value used in this study and for other species of Primulaceae (Bennett and 
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Leitch 2012), suggests the occurrence of numerical and structural changes in 
the karyotype. 
As well as for FCM, karyotype data about Myrsine species in the 
literature are very limited. The chromosome number had been reported 
(Beuzenberg and Hair 1983; Dawson 1995; Dawson 2000; Molero et al. 2002; 
Molero et al. 2006), but images of the chromosome had not. In vitro Myrsine 
plantlets were fundamental to providing sufficient quantities of roots for the 
cytogenetic study independent of the reproductive period. Meticulous 
standardization of the antimitotic agent and enzymatic maceration were also 
essential for accurate chromosomal characterization. 
Chromosome number 2n = 46 (Beuzenberg and Hair 1983; Dawson 
1995; Dawson 2000; Molero et al. 2002; present study) and 2n = 48 (Molero et 
al. 2006) had been reported, but this was the first record of 2n = 45. The odd 
chromosome number 2n = 45 may be related to a chromosomal system of sex 
determination, since dioecy is predominant within the genus (Albuquerque et al. 
2013). Another hypothesis for the existence of an odd chromosome number in 
Myrsine is the occurrence of aneuploidy. Post-polyploidization genome 
restructuring events, such as aneuploidy, have been reported in polyploids 
(Chester et al. 2012; Reis et al. 2014). This change will lead to a gene dosage 
imbalance and often causes severe phenotypic alterations. The presence of 
duplicate genes due to polyploidy however may have a buffering effect on the 
genome, allowing these species to survive in the environment (Edger and Pires 
2009; Xiong et al. 2011). 
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4.2 Polyploidy in Myrsine  
 
Karyotype data provided evidence that supported the polyploid origin of 
Myrsine. Some classical cytogenetic approaches have also evidenced a 
polyploid origin for distinct species, such as Glycine max (L.) Merr. (Clarindo et 
al. 2007), Paulinia cupana Kunth (Freitas et al. 2007), Coffea arabica L. 
(Clarindo and Carvalho 2008) and Pitcairnia flammea Lindley (Nunes et al. 
2013). A breakthrough came when statistical analyses were used to support the 
qualitative data and confirm the previous polyploid hypothesis for Myrsine. 
Therefore, all chromosome groups defined by karyogram evaluation were 
confirmed by UPGMA clustering (Table 2).  
Some chromosome groups determined by statistical analysis are 
morphologically distinct, such as chromosomes 22 and 23 of M. coriacea. 
Although clustered (Fig. 3 b), these chromosomes are cytogenetically distinct, 
with 22 being acrocentric and 23 submetacentric (Fig. 2 b, Table 2). Likewise, 
distinct chromosomes clustered in M. parvifolia (Fig. 3 a, Table 2) and M. 
umbellata (Fig. 3 c, Table 2). Chromosome 1 of M. coriacea and 1 and 2 of M. 
parvifolia and M. umbellata presented the highest contrast, considering the 
morphology and Euclidean distances (Fig. 2, Fig. 3). The occurrence these 
chromosomes represents evidence that the three Myrsine species are true 
allopolyploids. Associated with this karyotype aspect, other Myrsine characters, 
such as reproductive viability (Albuquerque et al. 2013) and wide distribution 
(Freitas et al. 2016), corroborate the allopolyploid nature of the species. 
The basic chromosomal number for Myrsine species is x = 23, based on 
the chromosome numbers 2n = 45 and 2n = 46. Nevertheless, polyploidy, which 
was evidenced by the karyotypes, suggests that the basic number is below x = 
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23. In addition, groups of two morphologically identical chromosome pairs in 
Myrsine support a tetraploid origin. Other Primulaceae species have shown 
different ploidy levels. Primula has tetraploid, hexaploid, octaploid and 
dodecaploid species (Abou-El-Enain 2006; Calesazza et al. 2012; Theodoridis 
et al. 2013), Cyclamen presents triploids and tetraploids (Bennett and 
Grimshaw 1991, Ishizaka 2003) and Dodecatheon has tetraploid species 
(Oberle et al. 2012). Thus, polyploidy is recurrent in Primulaceae and plays a 
key role in the diversification of this taxa.  
Regarding the temporal distinction for Myrsine, there are no studies of 
sequence comparison and the ancestors that gave rise to the species are not 
known. Paleopolyploidy traces in plant genomes are difficult to detect due to 
diplodization process, where the paleopolyploid species present diploid 
segregation (Soltis et al. 2015). The Myrsine species showed morphologically 
identical and several distinct chromosome pairs. These karyotype aspects are 
similar to the paleopolyploid G. max (Clarindo et al. 2007). On the contrary, true 
allopolyploid species, such as Coffea arabica L., present karyotypes prevailing 
the morphologically similar chromosome groups. Therefore, the karyotype 
aspects found for the Myrsine species are more closely related to a 
paleopolyploid. This hypothesis is relevant as a parameter for phylogenetic 
studies in Primulaceae based on karyotypic comparisons between the species.  
As the Myrsine species have 2n = 45/46 chromosomes and presented 
nuclear DNA content variation, the polyploidization probably represented a 
status change of the karyotype before chromosome rearrangements occurred. 
Polyploidy is considered the main phenomenon that causes the formation of 
new plant species. In addition, polyploids also undergo genomic restructuring 
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that may lead to reproductive isolation in new lineages and hence drive 
speciation (Tayalé and Parisod 2013). Therefore, the cytogenetic and FCM 
results offered evidence to understand karyotype origin and evolution in 
Myrsine. 
Similarities and differences regarding relative size (% size in relation to 
sum of the mean values of total length, Table 1) were evidenced between M. 
coriacea and M. umbellata through the Scott-Knott test. In addition to the 
chromosome number (2n = 45/46), the homogeneity, which was evidenced for 
some chromosomes, implies that these species originated from a common 
ancestor. The distinct chromosomes are likely to be attributed to structural 
changes that happened throughout their evolution, altering the chromosome 
relative size and contributing to taxa diversification. Comparative investigations 
of the karyotype of related species have usually been applied to infer the 
evolutionary role of karyotypic modifications in different taxa and to describe the 
pattern and directions of chromosomal evolution within a group (Stebbins 1971; 
Shan et al. 2003; Sharma and Sharma 2014). 
Based on the constant chromosome numbers 2n = 45 and 2n = 46 
displayed by Myrsine species, interspecific variation of the nuclear 2C value 
between M. parvifolia compared to M. coriacea and M. umbellata was also 
caused by structural chromosome rearrangements. The changes to the nuclear 
DNA content have also been attributed to structural rearrangements during 
karyotypic evolution (Pellicer et al. 2014; Coulleri et al. 2014; Amaral-Silva et al. 
2016). Changes that culminate in genome expansion are attributed to repetitive 
sequence amplification, transposable element activation (Yang et al 2011), 
chromosomal duplications (Gaeta et al. 2007), aneuploidy (Chester et al. 2012), 
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transposon and retrotransposon insertions (Madlung et al. 2005). Conversely, 
illegitimate recombination, unequal homologous recombination (Suda et al. 
2015), aneuploidy (Xiong et al. 2011) and deletions (Gaeta et al. 2007) are 
responsible for the decreased nuclear 2C value (Stebbins 1971). These 
changes probably occurred throughout the evolution of Myrsine genome, 
characterizing the differences in DNA content and karyotype. 
The occupation of Myrsine species in distinct environments may be 
attributed to the redundancy of genes caused by allopolyploidy. This 
redundancy has a buffering effect on the genome, masking deleterious 
mutations by the presence of multiple copies of the same gene in the genome. 
Another consequence of gene redundancy is the possibility of functional 
change, where the genes can diversify in function without compromising 
essential functions (Comai 2005; Yang et al. 2011; Soltis et al. 2014). In 
addition to duplicate genes, the merging of divergent genomes in true 
allopolyploids results in a high level of heterozygosity and hybrid vigor, allowing 
for adaptation to new environments and conditions (Comai 2005; Yang et al. 
2011; Beest et al. 2012). 
Unlike the segmental allopolyploid and autopolyploid, the broad 
distribution of the true allopolyploid is directly related to reproductive viability 
(Beest et al. 2012). The disomic inherence presented by true allopolyploids 
ensures a larger percentage of viable reproductive cells. Consequently, more 
offspring are generated and the species can take new environments. These 
factors may partially contribute to the wide spatial distribution of M. coriacea 
and M. umbellata, compared to the restricted M. parvifolia. Despite being 
polyploid, M. parvifolia has a lower nuclear 2C value than other species, which 
23 
 
may imply it has a lower number of gene copies than other species and this in 
turn may have led to restrictions of its niche. Complex polyploids have provided 
insights into the evolutionary history of different taxa, contributing to the 
understanding of the role of polyploidy in spatial distribution of species. Spatial 
distribution differences are consistent with the hypothesis that polyploid 
organisms inhabit distinct environments from their ancestors (Marhol et al. 
2010; McIntyre 2012; Krejčíková et al. 2013). Some polyploids such as the 
Galium pusillum complex (Kolář et al. 2013) and species of Primula sect. 
Aleuritia (Theodoridis et al. 2013) however have shown restricted patterns of 
spatial distribution. Our results point to the need for future studies designed 
specifically to test this issue in Myrsine. Therefore, reconstruction is critical for 
the phylogeny of the genus but is not yet available in the literature. 
In conclusion, karyotype and nuclear genome size of three Myrsine 
species pointed to a true allopolyploid origin and post-polyploidization changes. 
In addition, we summarized some consequences of this true allopolyploid origin 
for Myrsine (Fig. 4), the key role of this allopolyploid origin and its genomic and 
ecologic outcomes provide a useful guide for taxonomic, evolutive and 
phylogenetic studies in Primulaceae and other Angiosperms. 
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Figure 4. Scheme summarizing the outcomes considering a true allopolyploid origin of 
the three Myrsine species. Some post-polyploidization modifications were evidenced by 
karyotype and nuclear 2C value data, as the genome size differences, and structural 
and numerical chromosomal rearrangements. The gene gain is considered a direct 
effect of the polyploidization, as well as of some chromosomal rearrangements (e.g. 
duplication) after a polyploidization event. Besides of gain, the chromosomal 
rearrangements, as the deletions, can lead to loss of genes. In addition to genomic 
changes, the allopolyploid in Myrsine may have promoted the geographic distribution 
expansion and the reproductive viability maintenance.  
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